in 0.05 M phosphate buffer at pH 7 was subtracted from that of a solution in 0.05 M NaOH (19 Solvents used in chromatography were generally the benzene-acetic acid-water mixture followed by butanol-ammonium hydroxide-water as described previously (21) , but a sodium formate-formic acid-water mixture (10 g: 1 ml: 200 ml) was substituted for the solvent in the second direction when it was necessary to separate ferulic and sinapic acids.
Incubation of excised tissues with phenolic substrates and H2O, for 24 hours was done as before (20, 21) , except that occasionally the incubating mixtures were shaken in a water bath at 250. First internodes of Phleum were cut from seedlings grown on moist filter paper for 7 days in the dark at 250. Incubation of excised first internodes with sucrose was for a 7 to 14 day period under sterile conditions. Seeds were initially sterilized with saturated solutions of calcium hypochlorite and Orthocide (California Spray-Chemical Corporation).
The filter paper-peroxidase system was a modification of that reported by Siegel (17) . An aqueous solution containing 160 ag of a horse radish peroxidase preparation (Nutritional Biochemicals Corporation) was applied to a 100 mg disc of Whatman No. 1 filter paper and was dried in a stream of cool air. The disc was then cut into 0.3 to 0.5 cm square sections which were subsequently handled as regular sections of tissue, except that incubation was always done in a water bath with shaking at 250 and the alcohol treatment before extraction was omitted. It was impossible to separate some of the precipitate in the medium after incubation from the filter paper shreds. Most of this precipitate, however, was soluble in the ether treatment preceding the alkaline extraction of the lignin.
Products soluble in NaHCO3 were isolated by stirring a cell wall residue in a 5 % solution of NaHCO3 for 10 minutes at room temperature. After centrifugation, the supernatant fluid was decanted and the residue was washed twice each with 0.5 to 2.0 ml of 5 % NaHCO3 and distilled water. All washings were combined with the original supernatant material, and analyses were made on this fraction before and after hydrolysis in 0.5 N NaOH. The residues containing the NaHCO3 insoluble moiety were extracted as usual in 0.5 N NaOH and were analyzed with an untreated sample for comparison.
Acid precipitates were made by acidification of the alkaline extracts to pH 2 to 3 with H2SO4. After standing at 40 for 15 minutes, the mixture was centrifuged and the precipitate was washed with small amounts of cold water and then was redissolved in 0.025 N NaOH for the usual analyses. A lignin preparation, partially purified of associated hemicellulose, was prepared according to Bondi and Meyer (2) from mature internodes of Phleum.
Saponification of cell wall residues to detect ester linkages was done according to Brown and Higuchi (11) . A sample containing 10 mg of dry cell wall residue from mature internodes of Phleum was refluxed in air for 1 hour in 2 ml of a KOH-ethanol solution (1 g of KOH dissolved in 60 ml of absolute ethanol). The residue was washed several times with Except for differences in solubility of the product in NaHCO3 and in the production of phloroglucinol reacting groups, these lignins induced in several different systems are strikingly similar when analyzed by the techniques devised for grasses. As has been shown by others (9, 16) , peroxidase is able to oxidize a variety of compounds, the products of which are known to polymerize. It is of particular interest that the 3 acids related to the alcohols postulated as the substrates normally polymerized in woody tissues (3, 6) produce products characteristic of the acid itself rather than of its aldehyde or alcohol. This is seen in the position of the long wave length peak in the difference spectrum, the relative increase in the phenol reaction, and the presence of the free acid and its C6-C1 degradation products in the acidified ether extract. In ferulic acid (and p-hydroxycinnamic acid in part), the product is very similar to that found naturally in Phleum and other grasses.
Although peroxidase was able to oxidize a variety of phenolic compounds, the products of which subsequently polymerize, not all are natural ones or produce products similar to those found in grasses. Eugenol is probably not a natural compound in grasses, and its product, as well as that of coniferyl alcohol, was not entirely similar to that found in a grass like Phleum (19, 20) . In tissues of Elodea, both sinapic acid and vanillin were good substrates (table II, fig 3) , but the products were partly atypical of lignins found in Phleum. In the case where sinapic acid was used as subtrate the most striking result was the presence of sinapic acid in the ether extracts, identified chromatographically in a benzene-acetic acid-water and sodium formate-formic acid-water system. The products resulting from the use of vanillin as a substrate showed atypically high ratios of the change in OD at 350 m,u to phenolic content. Also, a variety of different products were found in the ether extraot. Vanillin may not be a natural product, but (10) . These products in Phleum were not examined chromatographically, but the peak at 375 mu could be due to the presence of diketones, syringaldehyde or to ester linkages between free acid groups and the ethanol in the medium (8, 13) .
Acid precipitation of lignin products in alkaline extracts of induced and natural lignins likewise produced an array of different spectra (fig 8) Most workers assume that the hydroxycinnamic acids associated with lignin residues are linked as esters to already formed lignin (11, 18) . Natural and induced lignins were saponified or hydrolyzed by esterases to detect such ester linkages. Both methods discussed below indicated that most of the ferulic and p-hydroxycinnamic acids are not attached as simple terminal esters in these materials.
Cell wall residues of mature internodes were saponified in a KOH-absolute ethanol mixture. The difference spectrum of the resulting solution had a major peak at 355 m,u and represented about 8% of the total material absorbing around 350 mu in the total residue. Only possible traces of ferulic and p-hydroxycinnamic acid (about 2 ,ug per 13 mg original tissue) were detected chromatographically in ether extracts of this acidified fraction. Furthermore, analyses of the residues from the saponification indicated no significant loss of ferulic and p-hydroxycinnamic acid in the subsequent ether extract when compared with comparable nonsaponified residues. Therefore, the lignin products analyzed by the methods described in this and previous papers (19, 20, 21) are included in a fraction comparable to that studied by Higuchi and Brown (11) , which contained 97% of the total C14 incorporated into a cell wall fraction in wheat after administration of ferulic acid-2C14. (11) . The possible trace amounts of ferulic acid released from a cell wall residue of internodes of Phleum represented no more than 1 to 3% of the total amount found in the residue after alkaline hydrolysis.
Although the crude enzyme preparation of anthocyanase D did not release a significant proportion of the hydroxycinnamic acid derivatives associated with lignins in grasses, it did affect in other ways the cell wall residues in some of the systems studied. In the case of mature tissues of Phleum, there was little significant change in any of the analytical tests before and after enzyme treatment, and practically no phenolic compounds were detected in the products of enzymic activity. When tissues of Elodea incubated with ferulic acid were examined, there was a slight loss of about 15% of the materials producing the 350 m,u peak and reacting in the phenol test, and detectable amounts of unidentified phenolic compounds were removed by the enzyme treatment. The most drastic alterations occurred in the case of the product of the paper-peroxidase system. Approximately 50% of the materials producing the 350 mu peak and the blue color in the phenol test were removed from the lignin-like products by treatment with anthocyanase D. As with Elodea, the ether soluble material released by enzyme treatment showed a number of unidentified phenolic compounds upon chromatography. In addition, the difference spectrum of extracts of the residue was modified by the appearance of a very high peak at 300 mu.
Preparations containing hemicellulase and ,-glucosidase had no effect on subsequent lignin analyses of cell wall residues of mature internodes of Phleum.
Conclusion
Any concept of the structure of grass or possibly monocot lignins must account for the following characteristics: all 3 basic phenolic nuclei; solubility in NaOH; peak around 350 mu in the ionization difference spectrum after alkaline hydrolysis; peaks at longer wave lengths after ethanolysis, acid precipitation, or in a NaHCO3 soluble fraction studied in Phleum; free p-hydroxycinnamic and ferulic acids and their C6-C, aldehydes and acids in ether extracts after acidification of an alkaline hydrolyzate; the absence of sinapic acid in a comparable fraction, but the presence of the C6-C, aldehyde, syringaldehyde as in tissues of Phleum; free aldehyde groups in the propane side chain to account for the phloroglucinol test; free phenolic groups capable of reacting with the quinoneimine reagent: 8-guaiacyl ether units and other degradation products studied by Higuchi in bamboo (10); pattern of incorporation of radioactivity found in degradation products after incubation of wheat with C14-labeled precursors (3, 11, 12) . Peroxidase acts on a wide variety of phenolic compounds in the presence of a suitable site for polymerization and a source of H202. When analyzed by the methods used here, the induced products exhibit char- acteristics typical of the phenolic monomer itself. Upon comparison with the products of natural lignin, one can eliminate certain compounds such as vanillin and possibly sinapic acid as major natural substrates for peroxidation.
\Vith any one phenolic substrate, similar ligninlike products are produced after alkaline hydrolysis regardless of the source of peroxidase, the site for polymerization, or the type of natural product: i.e., in the model paper-peroxidase system, in excised tissues of nonlignin-containing plants like Elodea and Lemnia, or in lignifiecl plants such as the herbaceous dicot Coleus and the monocot, Phleum.
\NVhile na significant differences were detected between lignins of Phleum and the lignin products induce(d after incubation with sucrose alone as substrate, 2 major differences between the ferulic acid inducedl and natural lignins were observed before alkaline hydrolysis of the cell wall resi(lues. One was the weak or nondetectable increase in phloroglucinol reacting groups in a ferulic acid induce'd lignin. This would be expected if peroxidase is the only enzyme functioning an(l the polymer is one of ferulic acid and its oxidation products.
The other major (lifference was in the increased solubility of the products in NaHCO3, studied with ferulic acid induced lignin products. \While almost all of the products wrere soluble in NaHCO3 in the paper-peroxidase system, only 70 and 25% were soluble in the induced systems in Elodea and Phleum, respectively. This was in contrast to the less than 2% in mature tissues of Phleum. The significance of this solubility and these graded differences is not clear since the final pro(lucts after alkaline hy(drolysis Nwere simiiilar. This solubility could be due to the presence of free acid groups in the propane side chain, but the difference spectrum was not characteristic of free ferulic acid nor wvas any detected chromatographically before alkaline hydrolysis. A possible additional factor is that the linkage to the carbohydrate site may be different in the case of the moiety soluble in NaHCO3. NaOH may be necessary to break the linkage to the more natural site on the hemicellulose.
In spite of the inability of saponification or of esterase preparations to release significant amounts of ferulic acid from any of these lignin products, it is still possible to attribute the peak in the difference spectrum of the products soluble in NaHCO3 to ester linkages (11, 18) . For instance, the C6-C3 acids may still be attached to other units in nonester but alkali sensitive linkages. The peak of the NaHCO, soluble prodluct was similar in all cases regardless of the percent of the total product present as such. Esters of common phenolic compounds produce peaks in the region of 370 to 380 mn.t and they typically give greater bathochromic shifts than their free acids (8) . Other compounds characterized by peaks in this general area are 7-hydroxycoumarin, syringaldehyde, and several phenylpropane derivatives (13) . Alkaline sensitive ether and cyclic ether linkages might also be considered (4, 7) .
Even in the paper-peroxidase system, the linkages are probably complex if Freudenberg's theory of oxidative polymerization is valid for the phenolic acid as well as for its alcohol (5 
